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The simultaneous production of several cell-types during embryonic development of the 
retina was previously shown to be regulated by the Notch-signaling pathway at multiple 
levels, through the sequential expression of two Notch ligands, Dll1 and Dll4. While Dll1 
activity has been shown to be responsible for progenitor maintenance, Dll4 function has not 
been addressed until now, although a role in the regulation of cell-fate acquisition and cell-
diversity had been suggested.  
To address the role of Dll4 in the developing retina, we first characterized the intrinsic 
differentiation potential of Dll4-expressing cells during the first wave of retinal differentiation, 
at E13.5, by comparing its expression with that of three bHLH-encoding genes (Ngn2, Math5 
and NeuroD), whose combined expression identify different retinal progenitors. Taking 
advantage of a Dll4 conditional knock-out (Dll4 cKO) mouse strain, we have used the 
expression of the same set of genes to evaluate the effects caused by Dll4 deletion on the 
profile of the differentiating population of cells.  
Our analysis of Dll4-expressing cells has revealed that these are still multipotent, although 
heavily biased towards the photoreceptor fate. We have also found that Dll4 absence leads 
to an increase in the production of photoreceptor and amacrine cells. The present work has 
allowed us to propose that during the first wave of differentiation Dll4-mediated Notch-
signaling inhibits photoreceptor and amacrine cell production through inhibition of Ngn2 and 
NeuroD in the surrounding cells. 
 
Keywords: Delta-like 4 (Dll4); Retinal development; bHLH proteins; Notch-signaling 













O processo de diferenciação neuronal no Sistema Nervoso Central (SNC), que durante o 
desenvolvimento leva ao aparecimento de múltiplos tipos celulares a partir de um grupo 
comum de progenitores equivalentes, tem sido estudado em várias estruturas, 
nomeadamente, a retina. A partir do momento em que a neurogénese é iniciada na retina, 
seis tipos de neurónios e um de glia são produzidos em duas ondas distintas de 
diferenciação: na primeira surgem células ganglionares (CG), amácrinas, horizontais e 
cones; na segunda, são produzidos bastonetes, células bipolares e glia de Müller. A retina 
adulta, cuja estrutura é altamente estratificada e organizada, permite a recepção e 
transformação de fotões em sinais eléctricos interpretáveis pelo cérebro. 
A via de sinalização Notch é uma via de comunicação célula-a-célula que, durante o 
desenvolvimento, está envolvida no controlo do número de células que entra em  
diferenciação e na especificação das mesmas. Existem diversos receptores e ligandos 
Notch e, ao contrário do que acontece noutras regiões do SNC, existem dois ligandos (Dll1 e 
Dll4) expressos simultaneamente durante o desenvolvimento da retina, na zona onde as 
células progenitoras se encontram em divisão (Zona Ventricular – ZV). Foi previamente 
proposto um modelo que aponta para a expressão sequencial destes dois ligandos em 
células em diferenciação, tendo sido já demonstrado que Dll1 desempenha o papel de 
manter a população de progenitores, prevenindo a sua saída do ciclo celular. Por outro lado, 
o ligando Dll4 foi apontado como sendo uma peça fundamental na subsequente geração de 
diversidade celular. 
As células que iniciam o processo de diferenciação expressam uma combinação de 
proteínas reguladoras da transcrição possuidoras de um domínio bHLH (basic Helix-Loop-
Helix), necessárias e suficientes para despoletar e comandar este processo – factores bHLH 
proneurais. A região básica do domínio bHLH concede-lhes a capacidade de ligação ao 
DNA que, no entanto, só ocorre quando estas proteínas dimerizam através do domínio HLH 
com outras proteínas bHLH. Após estabilização dos seus níveis em cada célula, estes 
factores de transcrição despoletam a activação de uma cascata de genes, muitos deles 
codificando também para proteínas bHLH, que dão continuação ao processo de 
diferenciação e que são considerados genes de especificação celular. No caso particular da 
retina, os genes proneurais que parecem ter um papel preponderante na primeira onda de 
diferenciação são Math5 e Ngn2. Em passos subsequentes do processo de diferenciação, 
genes codificantes para outras proteínas bHLH intervêm, entre eles, NeuroD. Este insere-se 
na categoria de gene de especificação celular e codifica para uma proteína que 
desempenha a sua função na determinação das células fotorreceptoras e amácrinas. 
Com o trabalho aqui apresentado, pretende-se caracterizar a população de células que 




dinâmica dos genes que expressam proteínas com domínios bHLH será abordada neste 
âmbito. 
Com o objectivo de caracterizar a população de células Dll4, foram feitas duplas 
hibridações in situ para Dll4 e vários outros genes, em secções de retina de embriões de 
ratinho ao dia 13.5 do desenvolvimento embrionário (E13.5). A extensa co-expressão de 
Dll4 e Hes6, um marcador precoce de diferenciação, em conjunto com a inexistência de co-
expressão com Hes5, um gene expresso em progenitores em resposta à sinalização Notch, 
apontam para que se trate de uma população de células em diferenciação. Verificou-se 
também que nesta população a expressão dos dois genes proneurais envolvidos na primeira 
onda de neurogénese, Ngn2 e Math5, é generalizada, algo que sugere fortemente a 
retenção da multipotência nas células que exprimem o ligando Dll4. Simultaneamente, 
verificou-se que a expressão de NeuroD abrange também a grande maioria das células Dll4, 
tal como acontece no caso de Otx2, um marcador precoce de fotorreceptores. Estes factos 
sugerem que, apesar de multipotente, a população que expressa Dll4 apresenta uma grande 
tendência para se diferenciar em células fotorreceptoras. 
Seguidamente, e de forma a estudar o papel que o ligando Dll4 desempenha no processo 
de diferenciação, analisaram-se retinas onde este gene foi inactivado (Dll4 cKO). 
Recorrendo a duplas hibridações in situ, a flutuação do número de células expressando 
cada gene foi determinada por comparação com retinas controlo, tendo-se constatado um 
aumento estatisticamente significativo nas populações NeuroD+ e Otx2+. Para os outros 
genes analisados (Hes6, Math5 and Ngn2) não se verificaram diferenças estatisticamente 
significativas, ficando patente, no entanto, uma tendência para o aumento da população 
Ngn2+ na ausência de Dll4. Este conjunto de observações veio sugerir que as células 
expressando Dll4 sejam responsáveis pelo bloqueio da diferenciação das células vizinhas 
em células fotorreceptores e amácrinas através da inibição de Ngn2 e NeuroD.  
Para além de aferir a influência de Dll4 na dimensão das populações que expressam 
genes codificantes para proteínas bHLH, a forma como estas várias populações interagem 
entre si na presença e na ausência de Dll4 foi também abordada. Para isso, duplas 
hibridações in situ para as três combinações de genes bHLH (Math5/NeuroD, Math5/Ngn2 e 
NeuroD/Ngn2) foram levadas a cabo em secções de retinas Dll4 cKO e controlo a E13.5. 
Nesta análise apenas o tamanho relativo das duas populações dentro do mesmo par e a 
extensão relativa da sua sobreposição foi considerada, de forma a isolar esta análise das 
mudanças absolutas que cada população sofreu individualmente. Esta abordagem permitiu 
identificar uma maior proporção de células que co-expressam NeuroD e Ngn2 na ausência 
de Dll4. Tais células afiguram-se assim como a população que irá dar origem ao excesso de 




Os dados recolhidos permitiram confirmar e complementar o modelo de acção dos 
ligandos Dll1 e Dll4 previamente proposto. Na retina em desenvolvimento, propõe-se que a 
sinalização Notch desempenhe duas funções fundamentais para que a homeostase seja 
alcançada nesta estrutura. Em primeiro lugar, o ligando Dll1, expresso em células que se 
encontram a sair do ciclo-celular e a iniciar o processo de diferenciação, sinaliza para as 
restantes células progenitoras, assim induzindo a sua permanência em estado proliferativo. 
O trabalho que consta nesta tese centrou-se no ligando Dll4 que é expresso em células que 
estão a iniciar o processo de diferenciação e que, por co-expressarem Ngn2 e NeuroD, têm 
uma maior propensão para se tornarem células fotorreceptoras. Os dados aqui 
apresentados propõem que Dll4, ao actuar sobre as células circundantes activando a via 
Notch, iniba a sua diferenciação em células fotorreceptoras e amácrinas por inibição da 
expressão de Ngn2 e NeuroD. Ao controlar a produção destes dois tipos celulares, Dll4 
funciona como regulador da diversidade neuronal na retina. 
Concluindo, o estudo descrito permitiu caracterizar pela primeira vez a população Dll4, a 
E13.5, como sendo multipotente, apesar de largamente condicionada a adquirir a identidade 
de célula fotorreceptora. Adicionalmente, apresentou a primeira evidência clara do papel que 
a sinalização Notch mediada pelo ligando Dll4 desempenha na inibição da diferenciação em 
células fotorreceptoras e amácrinas.  
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The Central Nervous System (CNS) is characterized by a complex multiplicity of cell-types 
that accurately interact with each other. Understanding how this diversity is attained during 
embryonic development from a pool of dividing progenitor cells is an issue that is far from 
being understood.  
1.1 The retina 
The retina, which is part of the CNS, has revealed itself as a great model structure to 
approach the neuronal differentiation process due to some particular features, namely its 
relative simplicity, accessibility and the presence of a limited number of characteristic cell-
types which arise in a well determined order and schedule. Moreover, differentiating cells 
migrate locally in contrast to what is verified in other regions of the CNS1.  
In adult vertebrates, the retina is a highly organized and stratified structure located at the 
back of the eye, where six different neuronal types and one type of glia, Müller glia, can be 
found. The most external layer of the retina, i.e. the outer nuclear layer (ONL), comprises 
both rod and cone photoreceptors, the inner nuclear layer (INL), contains horizontal, bipolar, 
and amacrine interneurons and Müller glial cells, and finally the ganglion cell layer (GCL), 
where retinal ganglion cells (RGCs) and displaced amacrine cells are located2 (Figure 1A). 
The adult retina is a complex neuronal network that transforms photons into chemical 
signals that can be perceived and interpreted by the brain. Rods and cones, two distinct 
types of photoreceptors, react to distinct wavelengths and initiate the signaling cascade that 
will ultimately lead to RGC activity and signal transmission along the optic nerve to the visual 
cortex. Three types of interneurons, i.e. horizontal, bipolar and amacrine cells, transduce and 
A B 
Figure 1: Retinal structure and development. (A) Schematic representation of neural retina. GCL, ganglion cell 
layer; INL, inner cell layer; ONL, outer nuclear layer. From (Hatakeyama and Kageyama, 20042) (B) Retinal 
development and maturation. (a) At E8.5, the optic vesicles are formed from the forebrain. (b) Around E9, the 
interaction between the early optic cup and the ectoderm induces the appearance of the optic placode. (c) 
Afterwards, the optic cup further develops, presenting one inner and one outer layer. Lens placode invaginates giving 
rise to the lens vesicle. (d) The outer layer of the optic vesicle becomes the RPE and the inner layer becomes the 





regulate this signaling cascade within the retina. Bipolar cells are responsible for conveying 
the information collected by photoreceptors to ganglion cells, directly or indirectly through 
amacrine cells, whose role is not fully understood. Horizontal cells wire to photoreceptors 
and bipolar cells, modulating their activity (reviewed elsewhere3). 
1.2 Formation of the eye 
The vertebrate eye develops by means of interactions between the surface ectoderm and 
the forebrain. The eye field is established by the expression of a set of transcription factors 
(Rx, Optx2, Six3 and Pax6) within the forebrain that will establish the landmark for optic 
development. In mice, around embryonic development day 8.5 (E8.5) the presence of this 
eye field creates an evagination of the forebrain known as optic vesicle (Figure 1Ba). This 
vesicle then induces the formation of a lens placode by the ectoderm epithelium that later 
invaginates and gives rise to the lens (E9.0) (Figure 1Bb). At E9.5, the optic vesicle is also 
invaginating forming a bilayered cup (Figure 1Bc), the optic cup, whose inner layer (facing 
the lens) becomes the retinal epithelium and the outer layer becomes the retinal pigmented 
epithelium (RPE) (Figure 1Bd). The lens will be completely separated from the surface 
ectoderm around E11.5 and continue to develop as an independent structure within the eye 
(reviewed elsewhere3). 
1.3 Neurogenesis 
Initially, the retinal epithelium consists of a pool of common progenitor cells that proliferate 
extensively. Each one of these cells spans the retinal neuroepithelium, attaching to both the 
apical (outer) and basal (inner) surfaces, and its nucleus migrates across the 
neuroepithelium in a motion named interkinetic nuclear migration. According to the cell cycle 
phase, nuclei acquire particular positions along this axis: when they are apically located, 
progenitor cells are on M-phase, and when they are basally located, they are on S-phase. 
The migration of the nuclei defines a region named ventricular zone (VZ). When a cell leaves 
the M-phase and withdraws from the cell-cycle, it detaches from both apical and basal sides 
of the retina and migrates towards the area where it will seat in the fully developed retina. 
It is around E11 that retinal neurogenesis starts in the central most region of the optic-cup, 
then expanding progressively to the periphery4. During this process, it is known that the 
various neuronal types arise in a conserved temporal order, with RGCs being born first, 
followed by an overlapping production of horizontal cells, amacrine cells and cones. Rods, 
bipolar cells and Müller glia cells are the last cell types to be born5. This means that, three 
main events occur during retinal development: progenitor pool expansion, neurogenesis in 
two major differentiation waves, and finally, gliogenesis. 
From previous lineage tracing analysis performed using single-progenitor retroviral 




progenitor clones wildly vary in size (e.g. from two to 234 cells at E14 in mouse embryos) 
and in cell type composition. Second, a single progenitor can give rise from one to all the 
seven retinal cell types. Third, clones induced early during retinogenesis are bigger and 
include both early- and late-born fates, while clones that are induced later just comprise late-
born ones. Fourth, the multipotency of progenitor cells was retained up to the final division, 
since two-cell clones consisting of two different cell-types were identified.  
Is the simultaneous birth of several cell types and progenitor cell multipotency tightly 
regulated by an intrinsic program or by extrinsic cues? One model claims that intrinsic 
differences between progenitor cells are responsible for the production of the different cell 
types, i.e. intrinsic factors characterize distinct progenitor cell populations, each one 
determined to give rise to a different progeny. Environmental cues are not considered to play 
major roles in cell fate decisions, as post-mitotic daughter cells are properly instructed in 
advance by the progenitor’s intrinsic profile. Regulating the ratio of the distinct progenitor 
types, different ratios of cell types can be attained throughout retinogenesis. An alternative 
model has been proposed, arguing that there is only one kind of progenitor cell that in turn 
gives rise to just one type of post-mitotic daughter cell. In this model, environmental cues are 
then responsible for instructing this naïve and responsive daughter cell, driving cell type fate 
acquisition. The presence of several extrinsic cues in different combinations and levels 
allows the production of distinct cell types in different ratios. Despite being presented as 
opposing models, these are clearly not mutually exclusive. In fact, a great deal of evidence 
favoring the idea that both intrinsic and extrinsic cues play a role in retinogenesis has been 
gathered (reviewed elsewhere6).  
A combination of the two models has been proposed by Cepko and colleagues as the 
“Competence Model”, which explains neurogenesis in the retina as a progression of 
progenitors through a series of distinct states. Each one of these competence states is 
determined by the coexpression of multiple transcription factors, which endow retinal 
progenitors with the ability to respond differently to the environmental cues, yielding one type 
or one subset of cell types. The different sets of transcription factors are believed to have this 
ability by means of three main mechanisms: directing the synthesis of receptors or other 
pathway elements involved in sensing distinct external inputs, responding directly to 
transduction cascades, and/or directing the response to these cascades, which are 
responsible for triggering differentiation. The cell will be able to become independent from 
the environment and carry out a differentiation program when the proper network of 
transcription factors is settled, and/or when the required set of other factors is in place. As 
retinogenesis progresses, retinal progenitors are believed to transiently acquire each 
competence state, passing through all of them unidirectionally6, i.e. they are believed not to 




Furthermore, it has been shown that post-mitotic cells are responsible for changing the 
surrounding environment by means of extrinsic cues like secreted factors and/or cell-cell 
interactions like Notch-signaling, inhibiting the further production of similar cells or even 
biasing the production of subsequent post-mitotic cells towards particular fates6. Presumably, 
the nature of the signals that actually induce state competence shifts can be either extrinsic 
or intrinsic1,6. 
1.4 The Notch Pathway 
Cell-cell interactions are known to play very important roles when it comes to the choice of 
differentiation pathways and lineage determination during development. Ligand molecules 
sitting on a signaling cell are responsible for inducing appropriate answers on neighbouring 
cells that display appropriate receptor molecules on their surface and transduce the signal 
upon interaction.  One such example is the Notch pathway, and in this thesis I will 
extensively address the role of one Notch ligand, Dll4, during retinal differentiation. 
The existence of the Notch pathway had been first noticed by Thomas H. Morgan when 
he observed a Drosophila mutant with “notches” around their wings. Years later, 
homozygotic loss-of-function Notch alleles were shown to be embryonic lethal, due to a 
strong neurogenic phenotype, i.e. an hyperplasia of the neural tissue with loss of epidermal 
tissue. During the 80s, large numbers of Drosophila mutants were screened, revealing the 
existence of several loci with the same neurogenic phenotype previously described for Notch 
mutants. Characterization of these genes led to the discovery that a regulatory circuit exists 
to regulate neurogenesis in Drosophila (reviewed elsewhere7).  
Notch ligands are transmembrane proteins classified in two distinct protein families, the 
Delta and the Serrate (Jagged in mammals). The distinct Notch ligands present different 
receptor binding abilities8 and may play different roles9. In mammals, Delta-like 1 (Dll1), 
Delta-like 3 (Dll3), Delta-like 4 (Dll4), Jagged1 (Jag1) and Jagged2 (Jag2) have been 
identified10-13. In C. elegans, a related ligand has also been identified (Lag2). These ligands 
present in their extracellular region a DSL domain (from Delta, Serrate and Lag2), as well as 
several Epidermal Growth Factor-like Repeats (EGFR). The Serrate family exhibits an 
additional cystein-rich (CR) region. In the intracellular region, there is little conservation 
among the different Notch ligands. 
While a single transmembrane Notch receptor is known in Drosophila, four different ones 
are known in vertebrates (Notch1 to Notch4). These proteins contain also various EGFR-like 
repeats and a LNR (LIN-12/Notch-related Region) domain in their extracellular region. The 
latter is a cysteine-rich region involved in the negative regulation of Notch pathway activation. 
In the intracellular region, Notch receptors present a RAM domain (RBPj-Associated 




Suppressor of hairless in Drosophila, Lag-1 in C. elegans), an ANK domain and a PEST 
domain (proline-glutamate-serine-threonine), related to protein turn-over (reviewed 
elsewhere7,14,15). 
In vertebrates, upon synthesis of Notch receptor, protein maturation is attained through a 
furin-dependent cleavage at S1 site, resulting in two peptides that then heterodimerize 
through a Ca2+-dependent non-covalent bond. Once in the cellular membrane and upon 
interaction with a DSL ligand, these heterodimers expose a second cleavage site (S2) where 
metalloproteases from ADAM/TACE/Kuzbanian family promptly act. At S3 and S4 sites 
located on the transmembrane domain of the now called NEXT (Notch Extracellular 
Truncation), two additional cleavages occur by the α-secretase activity of the Presenilin-
Nicastrin-Aph1-Pen2 protein complex. A truncated peptide containing a nuclear localization 
signal, Notch Intracellular Domain (NICD), is then released from the membrane and 
translocates to the nucleus, where it will function in conjunction with the CSL transcription 
factor and the Mastermind coactivator (MAM), actively transcribing Notch downstream 
targets (reviewed elsewhere7,14). 
In the absence of Notch signaling, the CSL DNA-binding transcription factor forms a 
complex with SMRT (Silencing Mediator of Retinoid and Thyroid hormone receptor) and 
SKIP (Ski-related Protein), which are responsible for facilitating nuclear localization of CSL 
and, together with an histone deacetylase (HDAC), for the repression of target gene  
transcription. On the other hand, upon signal activation, NICD presence in the nucleus is 
believed to displace SMRT and HDAC, an event that is by itself enough to trigger the 
transcription of some target genes. Furthermore, the CSL/NICD complex is also able to 
induce chromatin remodeling through the recruitment of histone acetylases (HATs) and 
MAM, forming a ternary complex and allowing the activation of additional Notch target genes 
(Figure 2) (reviewed elsewhere<sup>14</sup>). 
The Hairy/Enhancer of Split (Hes) family of basic helix-loop-helix (bHLH) transcription 
factors was the first family of genes identified downstream of Notch signaling (Figure 2), 
currently being the most well studied. All Hes proteins are transcriptional repressors of the 
class VI bHLH proteins characterized by the conservation in tandem of a bHLH domain and a 
C-terminally located Orange domain. The basic region, which contains a conserved proline 
residue<sup>16</sup>, is responsible for the DNA-binding ability of Hes proteins. They bind as 
homodimers or heterodimers to particular consensus sequences, namely E- (CANNTG) and 
N-boxes (CACNAG), and recruit corepressor proteins through a C-terminally located WRPW 
domain. Apparently, besides this mechanism, Hes proteins are also able to negatively act 
upon transcription through the sequestering of activator bHLH proteins by dimerization, 




involved, endowing an extra level of specificity to these protein-protein interactions (reviewed  
elsewhere6).  
Hes1 and Hes5 expression is known to be activated in Notch signal receiving cells, 
contributing to progenitor maintenance through the repression of proneural bHLH factors that 
typically render cells committed to differentiation towards neuronal fates2,17(Figure 2). In 
contrast, Hes6 is repressed in Notch signal receiving cells. This bHLH protein displays a 
characteristic shorter loop region that endows it with the ability of directly inhibiting Hes1 
activity, thus promoting neuronal differentiation18. 
1.5 Notch mechanisms of action 
Notch signaling exerts its role in cell lineage determination through two different 
mechanisms, lateral inhibition and lateral induction. These processes enable the segregation 
of specific cells from groups of equivalent cells and the establishment of borders between 
distinct cellular regions, respectively7. 
In the particular case of lateral inhibition, in a cluster of cells expressing both ligand and 
receptor molecules a feedback-loop is triggered that will enable one cell to become the only 
signaling cell. The role of Notch signaling pathway in the definition of neuronal precursors in 
Drosophila is the most well known example of this mechanism. Clusters of cells throughout 
Drosophila neuroectoderm express proneural genes at high and equivalent levels, which 
means that each one of them is able to develop into neural precursors. Being under the 
control of these genes, Delta is therefore expressed within the proneural clusters, as well as 
Notch receptor, fact that renders all the cells able to send and receive Notch signal, i.e. to 
inhibit and to be inhibited. Lateral inhibition through Notch signaling is responsible for a 
regulatory feedback-loop that lowers proneural gene expression (and consequently Delta 
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Figure 2:	   Simplified representation of the Notch-signaling pathway. (A) Notch ligand-receptor interaction 
leads to NICD cleavage and translocation to the nucleus. In the presence of NICD, RBPj drives Hes1 and Hes5 
transcription which in turn block proneural gene transcription, inhibiting differentiation. (B) When no Notch-
signaling exists, no NICD is present in the nucleus and RBPj inhibits Hes1 and Hes5 transcription. Proneural 
genes are then transcribed, triggering neural differentiation through activation of downstream specification genes. 





expression) upon signal reception and increases that of Delta in response to the upregulation 
of proneural genes. Since proneural genes positively regulate their own expression, a slight 
and random increase in their levels is promptly further increased. This mechanism allows a 
single neural precursor to emerge when one cell randomly increases the level of proneural 
genes, leading to an autonomous and conspicuous increase in ligand expression that inhibits 
proneural gene expression in the neighbouring cells, thus restricting neural competence to 
the signaling cell. This gives rise to a characteristic salt-and-pepper pattern of signal-sending 
cells (reviewed elsewhere19). 
Through lateral induction, the interaction of two non-equivalent groups of cells will define a 
border between them constituted by cells with distinctive characteristics. The most well 
studied example of this occurs during the development of the wing imaginal discs at the wing 
margin in Drosophila. Dorsal and ventral regions of the wing express different combinations 
of genes involved in the Notch-pathway: Notch receptor, Serrate ligand and fringe in the 
dorsal cells, and Notch and Delta in the ventral ones. On one hand, fringe	   inhibits Serrate-
mediated Notch signaling and, on the other hand it potentiates Notch-Delta interaction. This 
situation restricts Notch-signaling to the boundary along which both populations 
communicate, selecting the cells that will become wing organizers (reviewed elsewhere20). 
1.6 The Notch Pathway in the vertebrate retina 
During CNS development, differentiating retinal neurons strongly express a Notch ligand, 
being responsible for progenitor maintenance by activating Notch-signaling in the 
surrounding progenitor cells. Notch signaling has also been proposed to regulate cell-type 
specification, namely in the ear, retina and spinal cord development. Several studies have 
been carried out using loss of function studies of different genes involved in the Notch 
pathway in order to address their function during retina development.  
In the retina, Notch1 is expressed in the VZ, while Notch2 is restricted to the RPE21. 
Notch3 is expressed at low levels in the VZ21 and in nascent RGCs22. Besides drastically 
decreasing Hes5 and Hes1 expression, the absence of the Notch1 receptor induced an 
increase in cone photoreceptors23,24. Loss of the transcriptional co-factor RBPj showed an 
increase in cone photoreceptors and an initial boost in the production of RGCs (around 
E13)22,25. 
Various Notch ligands are also expressed in the retina but little is known about their 
function. Jag1 is expressed in the lens and Cilliary Margin Zone (CMZ)26, Jag2 in 
differentiated RGCs within the GCL27, Dll1 and Dll4 in the VZ.  
From Dll1 and Dll4 expression patterns, Rocha et al.9  proposed the existence of a 
sequential expression of these ligands in the same differentiating cell. Despite the fact that 




progenitor maintenance while Dll4 must be involved in subsequent steps of cell-fate choice 
during retinogenesis, similarly to what happens in the pV2 domain of the spinal chord9. 
1.7 Proneural bHLH factors 
Several genes encoding bHLH transcription factors have been identified as both 
necessary and sufficient to trigger the differentiation of neuronal progenitors, being named 
proneural genes. They also appear to be able to convey information concerning progenitor 
specification (reviewed elsewhere19). Their features render bHLH transcription factors as 
major candidates of retinal progenitor competence regulation.  
In the late 70’s, Drosophila achaete (ac), scute (sc), lethal of scute (lsc) and asense (ase) 
genes constituted the first set of proneural genes identified, all located in the same genomic 
cluster: the achaete-scute complex (asc)28. Since then, other proneural gene families have 
been identified in Drosophila, as well as in vertebrates.  
The bHLH domain present in all these proteins, as well as in myc oncogene, MyoD 
muscle-determination factor, daughterless (da) sex-determination factor and the previously 
mentioned Hes proteins, is responsible for their DNA-binding (basic region) and dimerization 
properties (HLH motif)29. Heterodimers between bHLH proneural proteins (class II) and 
ubiquitously expressed class I bHLH E-proteins (Da in Drosophila	  and E2A, HEB and E2-2, 
its homologues in mammals) must be formed through HLH interactions to enable DNA-
binding to occur30. The fact that proneural bHLH activity depends on the heterodimerization 
between bHLH proneural proteins and E-proteins (class II/class I complexes) renders it 
susceptible to be repressed by any element that interferes with this protein-protein 
interaction. In fact, class V HLH proteins lacking the basic region, i.e. Drosophila EMC and 
vertebrate inhibitor of differentiation (Id) proteins, display high affinity to E-proteins. This 
renders the class I/class V heterodimer unable to bind DNA and hinders the formation of 
functional class II/class I complexes31. Hes proteins are also able to exert a similar passive 
repression sequestering proneural bHLH proteins, besides regular transcriptional 
repression19,31. 
Concerning DNA-binding sites, although proneural bHLH/E-protein complexes target a 
consensus sequence quite common throughout the genome, i.e. E-box (CANNTG), the 
degree of specificity demonstrated cannot be sustained by the two central NN positions 
alone. Interactions with cofactors32 and the nearby existence of binding-sites for additional 
transcription factors33 may also account for the fine-tuning of transcription activation by bHLH 
proteins. 
In Drosophila, proneural genes enable progenitor selection and induce their commitment 
to a particular lineage. However, in the vertebrate developing nervous system the role played 




Growing evidence supports the idea that these factors are important also in subsequent 
steps of specification of neuronal sub-types, along with other bHLH and homeodomain 
proteins. Thus, despite the general resemblance, fundamental differences exist between 
Drosophila and vertebrate proneural gene function. In the former case, they are expressed in 
non-dividing ectoderm cells promoting the acquisition of neuronal instead of epidermal fate. 
These newly determined neural progenitors are then able to enter cell-cycle. In the latter 
case, neuroepithelia cells are already cycling and committed to the neuronal fate, giving rise 
to progenitor cells committed to differentiation upon proneural gene expression. Delamination 
and a limited number of cell divisions follow this progenitor selection19. 
The known mechanisms through which proneural genes regulate their expression and 
exert their function were reviewed by Bertrand et al.19 and can be summarized in five major 
points. (1) A broader, reversible and low level expression of proneural genes precedes an 
increase and stabilization of gene expression levels sustained by positive-feedback loops. 
These are either autoregulatory, e.g. ato in Drosophila and Math1 in vertebrates, or rely on 
proneural bHLH-driven upregulation of factors like Senseless in Drosophila and Hes6 in 
vertebrates that, in turn, increase proneural gene expression levels. (2) Through the herein 
described lateral inhibition process, Notch signaling is responsible for restricting the initial 
proneural gene expression to specific progenitors that become further committed to 
differentiation, maintaining the signal receiving cells uncommitted. Since Notch effects are 
transient, feedback-loops are then needed to amplify and stabilize them. (3) However, 
proneural genes are also known to be downregulated shortly after progenitors have been 
selected, even before they exit the proliferative region and engage in further differentiation. 
Apparently, proneural proteins act upon elements of a downstream network that pushes 
further the differentiation into neuronal cells. Actually, like the vertebrate genes of the 
NeuroD family, many others that are also members of the bHLH structural group have been 
identified as being involved in these proneural-driven cascades of neuronal differentiation. (4) 
Cell-cycle arrest linked to activation of cyclin-dependent kinases (CDK) inhibitors and (5) 
inhibition of glial fates are processes partially assigned to proneural proteins.  
1.8 bHLH in the early developing murine retina 
Several bHLH genes are expressed in the mouse retina during its development, namely 
Ngn2 (ato-homologue of the Neurogenin family), Mash1/Ascl1 (acs family), Math5/Atoh7 (ato 
family), NeuroD and Math3 (NeuroD family) (reviewed elsewhere2). While the first three 
genes are considered to have a proneural function, both contributing to retinal progenitor 
selection and cell-type specification, NeuroD and Math3 are likely to take part only in later 




Ngn2 is first expressed at E11 in retinal progenitors in S-phase. Null-mutants for this gene 
show that it is required for the expansion of the neurogenic wave, being involved with the 
progression of Math5 expression4. This was corroborated by evidence of Ngn2 being directly 
involved in Math5 transcription35. No differences in NeuroD expression and in cone, 
amacrine and horizontal interneurons populations were observed4. However, misexpression 
of Ngn2 in non-neuronal chick RPE cultures is responsible for NeuroD induction and 
production of immature RGCs and cone photoreceptors36,37. Additionally, in mice with various 
triple mutant combinations of Ngn2, NeuroD, Math3 and Mash1, several cell-fates were 
affected38.  
Mash1 expression is first detected in proliferating progenitors around E12.5 in the central 
retina and then peripherally expanding35. According to Hufnagel et al., this bHLH is able to 
rescue the temporal delay of the neurogenic wave expansion in Ngn2-null mutants and even 
to substitute for Ngn2 in a knock-in mice4. As a proneural gene, its function seems to be 
restricted to the second wave of differentiation39. Besides cell cycle exit, Mash1 is also 
involved in photoreceptor and bipolar cells specification, coupled with NeuroD and Math3, 
respectively (reviewed elsewhere2).  
 
Math5 expression begins at E1140 in progenitors at late G2/M phase and in postmitotic 
retinal cells41,42, contributing to all neuronal fates except for bipolar interneurons43. This bHLH 
seems to function as an early competence factor, a cell cycle progression factor and a 
proliferation inducer on surrounding retinal progenitor cells (RPCs)41 as well as a RGC 
specification gene42. Despite the initial Ngn2 dependence, Math5 later supresses Ngn2 
expression and cone photoreceptor production through a non-autonomous/extrinsic 
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Figure 3: Combinations of bHLH and homedomain transcription factors that characterize each retinal cell 
population. Each transcription factor is likely to contribute to more than one cell-type specification. To specify 
each cell-type, the interaction of a set of specific factors is required. (A,B) Early (A) and late (B) cell-fates, 






mechanism (E15.5). This bHLH is also responsible for the autonomous downregulation of 
NeuroD41. In agreement, in Math5-null retinas there is an increase in Ngn2 and NeuroD 
mRNA levels and in cone photoreceptors and displaced amacrine cells. Mash1 levels remain 
unaltered in these retinas41. Notch signaling has been proposed as a possible pathway for 
Math5	  to exert its effect on the proliferation of retinal progenitors and on Ngn2 levels41. 
NeuroD and Math3 are not considered to have proneural function. They are usually 
downstream of a proneural bHLH signaling cascade, conveying particular properties to cells 
whose identity have previously been specified (reviewed elsewhere34). It has been shown, for 
instance, that NeuroD and Math3 in conjunction with homeobox gene Pax6 or Six3 are 
responsible for amacrine specification. Curiously, NeuroD;Math3 double-mutants present an 
increase in RGCs, concomitantly with a decrease in amacrine cell fate44. 
The fact that sometimes several bHLH factors must be absent in order to completely 
abolish one cell-type favors the notion that they act in concert to achieve cell-fate 
specification, e.g. Mash1;Math3 double-mutants that lack bipolar cells and 
Ngn2;Math3;NeuroD triple-mutants that miss horizontal and bipolar cells38. It also highlights 
the high degree of redundancy that seems to exist between these proteins. 
1.9 AIM 
To understand the Dll1/Dll4 circuitry in the developing retina is the aim of this thesis. More 
specifically, the work here presented focused on the role played by Dll4 during the first wave 
of differentiation (around E13.5). As a starting point, we characterized Dll4-expressing 
population of cells in terms of bHLH proteins (e.g. Ngn2, Math5 and NeuroD), known to be 
involved in the differentiation process. 
After characterizing the intrinsic potential of this population, we then aimed to analyze how 
Dll4-mediated Notch signaling influences fate acquisition within the developing retina. To 
achieve that, we took advantage of a conditional knock-out (cKO) mouse strain, in which Dll4 
was deleted from retinal cells, and analyzed gene expression alterations when comparing to 
wild-type animals. Besides analyzing shifts in single-gene expression levels, we also 
characterized the dynamics of sub-populations defined by the co-expression of different 
bHLH-encoding genes in the presence and absence of Dll4 ligand. 
This study addressed both extrinsic and intrinsic features of cell-differentiation within the 
developing retina, and moreover, it highlighted how one particular extrinsic cue, i.e. Dll4-
mediated Notch signaling, affects the intrinsic competence of differentiating neurons. This 
work will contribute to the understanding of the interplay between these different cues, and 























2. MATERIAL AND METHODS 
2.1 Mouse manipulation 
2.1.1 Mouse breeding 
The Chx10-Cre strain45 was obtained from Jackson Lab. Dll4-floxed strain46 was a kind gift 
from Freddy Radtke .  
Mice carrying the conditional floxed Dll4 allele (Dll4f/f) were crossed with Chx10-Cre mice 
and double heterozygous progeny (Dll4f/+;Chx10-Cre) was identified by PCR. Compound 
heterozygous mice were crossed with mice homozygous for the conditional allele, to produce 
conditional single knockout mice (Dll4f/f;Chx10-Cre). These mice were crossed with Dll4f/f 
mice, giving rise to litters containing both Dll4f/f;Chx10-Cre and control littermates without the 
Cre expression. To prevent the ubiquitous deletion of the Dll4 allele due to Cre expression in 
the oocyte, male progenitors carried the Chx10-Cre allele in all crosses.  
Vaginal plugs were checked every morning for 3-4 days and its presence implied the 
presence of embryos staged as E0.5 Dams were sacrificed with CO2 according to the 
embryonic time-points of interest. Embryo dissection was performed in cold PBS and on ice 
from E16.5 on. For genotyping purposes the yolk sac was collected from E11.5 embryos, 
and for embryos at later developmental stages a portion of a member or tail was collected.  
All animals were fed ad-libitum and housed in SPF facilities. Animal experiments were 
approved by the Animal Ethics Committee of Instituto de Medicina Molecular and according 
to National Regulations.  
2.1.2 Mice and embryos genotyping 
Postnatally, genomic DNA was extracted from tail samples and a portion of a member or 
tail was sampled in the case of embryos. Samples were left incubating at 55ºC from 6h to 
over/night (o/n) in 100µL of Tail Digestion Buffer. Upon tissue digestion, samples were 
incubated at 95ºC for 15-20min, in order to inactivate Proteinase K activity. Each genotyping 
PCR reaction was done in a final volume of 25µL and contained 1xPCR Buffer (Promega), 
1.5mM MgCl2 (Promega), 0.2mM of each primer (from Sigma-Aldrich or MWG; Table 1), 1U 
of Taq DNA Polymerase and 2µL of genomic DNA (approximately 80ng). 
Table 1: Primer sets used for genotyping. 
Mouse Line Primers (5’ - 3’ sequence) Annealing Temperature 
(ºC) 















2.1.3 Tissue fixation, embedding and preparation of cryostat sections 
Collected embryos were fixed in a solution of 4% paraformaldehyde (PFA) in PBS at 4ºC 
o/n crucial to preserve tissue and particularly mRNA integrity.  
After fixation, embryos were rinsed twice in PBS, transferred to a solution of 30% sucrose 
in PBS for cryoprotection and embedded in a solution of 7.5% gelatine and 15% sucrose in 
PBS. Freezing was performed in isopenthane at -75ºC for 1-2min. Frozen embryos were 
then stored indefinitely at -80ºC. Tissue sections (8-12µm) obtained using a Leica CM 3050 
cryostat were collected on Superfrost slides (Thermo Scientific) and stored at -20ºC in boxes 
containing silica to prevent water condensation on the slides while defrosting. 
2.2 Fluorescent mRNA in situ hybridization (FISH) 
In situ hybridization protocol was used to label cells that were transcribing particular genes 
at the time of harvest. Labeled RNA anti(α)-sense probes were hybridized against the 
endogenous transcripts and then recognized by α-label antibodies coupled with enzymes – 
alkaline phosphatase (AP) and Horseradish peroxidase (HRP/POD). In both cases, the use 
of specific substrates allowed fluorescent products to be accumulated within the gene 
expressing cells, allowing their identification. Upon the addition of the appropriate substrate, 
AP activity is responsible for the deposition of an insoluble red fluorescent precipitate that 
usually stains all cytoplasm. In turn, POD activity activates the supplied tyramide substrate 
which covalently binds to electron rich regions of nearby proteins (Tyramide Signal 
Amplification technology), resulting in a green and predominantly punctuated staining.  
2.2.1 Preparation and transformation of chemically competent E.coli bacteria 
During this work, E. coli bacteria were transformed with plasmid DNA containing the gene 
of interest and used to amplify it. 
2.2.1.1 Preparation of chemically competent E.coli bacteria 
The protocol used was adapted from Inoue et al.47. A colony of DH5T E. coli strain was 
inoculated in 25mL of Super Optimal Broth (SOB medium) supplemented with 10mM MgSO4 
and 10mM Cl2SO4 and cultured o/n shaking at 37ºC in a 250mL Erlenmeyer. 1mL of this pre-
inoculum was added to 250mL of supplemented SOB in a 2L Erlenmeyer and cultured at 18-
22ºC until it reached an OD260nm = 0.6. The growth of the bacteria was interrupted by 10min 
on ice after which they were centrifuged for at 2500g for 10min at 4ºC. The pellet was gently 
resuspended in 80mL of chilled Transformation Buffer (TB), left on ice for 10min and then 
centrifuged at 2500g for 10min at 4ºC. After resuspension in 20mL of chilled TB, 1.5mL of 
DMSO was added, 100 or 200µL aliquots frozen in liquid nitrogen and stored at -80ºC. 
 




2.2.1.2 Transformation of chemically competent E.coli bacteria 
Competent bacteria (100µL) were first thawed on ice and then incubated with plasmid 
DNA for 20-30min on ice. This mixture was then heat-shocked for 45 seconds in a water-
bath at 42ºC and placed immediately on ice for another 2min. Supplemented SOB was 
added (900µL per 100µL of cells) and the tubes were left shaking for 1 hour, at 37ºC. 100µL 
of the mixture were seeded in the appropriate selective LB agar medium and incubated at 
37ºC, o/n. 
2.2.2 Plasmid DNA purification 
For higher quality small scale preparation of plasmid DNA (with an approximate yield of 5-
10µg), 2mL of a 3mL o/n bacterial culture of transformed competent cells, in the appropriate 
selective LB medium, was processed using the Wizard Plus SV Minipreps DNA Purification 
System (Promega), according to the manufacturer’s instructions. 
To screen a considerable number of colonies, an inexpensive and lower quality small 
scale preparation of plasmid DNA (with an approximate yield of 5-10µg, “dirty-preps”) was 
preferred. 2mL of a 3mL o/n bacterial culture of transformed competent cells, in the 
appropriate selective LB medium, were centrifuged for 1min at 1300 rpm and the supernatant 
was discarded. Pellet was resuspended in 0.75mL of STET buffer to which 1mg/mL 
lysozyme had been added. The mixture was vortexed, heated to 100ºC for 3min in a dry bath 
and then centrifuged for 10min at 13000rpm. The pellet containing cellular proteins and 
debris was removed with a toothpick and the supernatant was left on ice for 5min. 0.75mL of 
isopropanol were then added to the mixture vortexed and centrifuged for 10min. DNA pellet 
was washed with 0.5mL 70% ethanol, centrifuged for 2min at 13000rpm, dried and 
resuspended in TE buffer containing 0.01µg/µL RNase. 
For large scale preparations of plasmid DNA (200-400µg), 100mL of the selective LB 
medium was inoculated with 100µL of plasmid bacterial culture (previously grown o/n). 
Bacteria were grown at 37ºC o/n and processed using the Genopure Plasmid Midi Kit 
(Roche), according to the manufacturer’s instructions. 
2.2.3 Restriction digestions 
DNA digestion temperature, digestion buffer and BSA addition was determined according 
to the enzyme being used. The volume of enzyme never exceeded 10% of the total reaction 
volume.  
2.2.3.1 Analytical digestions 
Analytical digestions were performed to confirm gene size (by excision), gene orientation 
(by simultaneously cutting the gene and the plasmid) and gene identity (by fragment profile 
analysis). DNA was digested for 1-2h using 5-10U of commercially available enzymes and 




respective buffers (Promega, Roche, Fermentas, New England Biolabs). Restriction analysis 
was ther performed in 1% agarose gel (see section 2.4.). 
2.2.3.2 Preparative digestions  
Preparative digestions were performed to linearize plasmids 5’ upstream of the gene of 
interest, generating a template for transcription. 10µg of plasmid DNA was linearized using 
100U of the appropriate restriction enzyme in the final volume of 100µL for 2h. To confirm 
that the digestion was completed, 2µL of the template were run in an 1% agarose gel (see 
section 2.4.). The remaining template was then purified using Wizard Plus SV Gel and PCR 
Clean-up System (Promega) according to manufacturer’s instructions. 
2.2.4 Analysis of DNA by agarose gel electrophoresis 
DNA fragments were separated and sized by gel electrophoresis. Gels were prepared by 
heating agarose (SeaKem® LE Agarose, Lonza) until complete dissolution in 1x TAE buffer. 
DNA samples were mixed with Loading buffer in a 5:1 proportion and electrophoresis was 
carried out in 1x TAE buffer at 5-10V/cm of gel length. To stain the DNA, RedSafe™ Nucleic 
Acid Staining Solution (iNtRON Biotechnology, 0.2x) was added to this solution and DNA 
was visualized under an ultraviolet light at 260nm or 365nm and photographed. In each gel, 
linear DNA strands of known molecular weight (1kb Plus DNA Ladder – Invitrogen) were run 
to use as a reference to estimate DNA fragment length. 
According to the size of DNA fragments, different agarose concentrations were used. 1% 
(w/v) agarose gels were used to resolve fragments between 250bp and 12kb and 2% (w/v) in 
the case of fragments under 250bp. 
2.2.5 DNA and RNA quantification 
The concentration of nucleic acids was determined by spectrophotometry using the 
NanoDrop spectrophotometer (Thermo Scientific). One A260 unit corresponds to 50µg/mL of 
double-stranded DNA and 40µg/mL of single-stranded RNA48. To assure correct 
measurements, purity of samples was estimated by the ratio between the readings obtained 
at 260nm and 280nm (pure preparations of DNA or RNA, i.e. without significant amounts of 
protein or phenol contaminants, show ratio values of 1.8 and 2.0, respectively).  
2.2.6 Anti-sense RNA probe synthesis 
Riboprobes are labeled through the addition of digoxigenin (DIG), fluorescein (FLUO) or 
dinitrophenol (DNP) labeled nucleotides during riboprobes synthesis (transcription). The 
modified nucleotide is used at low concentrations to enhance post-hybridization antibody 
recognition and to avoid diminished hybridization efficiency. 
Anti-sense probes were synthesized for 3h at 37ºC using 1µg of linearized template (see 
section 2.2.3.2.) and 20U of the appropriate RNA polymerase (Table 2) in the presence of 1x 




Transcription Buffer (Stratagene), 30mM DTT, 1x DIG/FLUO/DNP-NTP mix and 40U RNasin 
(Promega) in a final volume of 25µL. The sample was precipitated o/n at -20ºC in the 
presence of 20.5µL of RNAse-free water, 2µL of 0.5M EDTA (pH=8.0), 2.5µL of 8M LiCl, 
150µL of ethanol and 1µL of glycogen. The mixture was centrifuged for 15min at 4ºC, the 
pellet was washed with cold 70% ethanol, resuspended in 100µL of 10mM EDTA and kept at 
-20ºC. To quantify and check for probe quality, 2µL were mixed with loading buffer containing 
formamide and, after denaturation for 10min at 70ºC in a dry bath, run in an 1% agarose gel 
along with a standard of known concentration for approximatelly 10-15min, until the faster-
migrating dye bromophenol blue migrated 2-3cm. 1xTAE buffer in the chamber was always 
renewed previously in order to prevent RNase driven sample degradation. 
Table 2: Plasmids used as templates for in vitro transcription reactions. 
Gene Linearization enzyme RNA polymerase 
Dll4 BamHI T3 
Hes5 HindIII T3 
Hes6 EcoRI T3 
Math5 AscI T7 
Ngn2 NotI T7 
NeuroD EcoRI T3 
Otx2 SalI T7 
 
2.2.7 Fluorescent RNA in situ hybridization on cryostat sections 
After defrosting sections to room temperature, a solution of DIG, DNP and/or FLUO 
labeled probes in Hybmix in a 1:100 proportion was prepared and denaturated for 5-10min in 
a dry bath at 70ºC. Sections were then incubated with that solution at 68ºC o/n in a 
humidified chamber containing 50% formamide to avoid drying the slides. Slides were 
washed for 10min in Hybwash pre-heated to 68ºC, after which coverslips were removed. Two 
20min post-hybridization washes were performed with Hybwash and then two 10min washes 
with TBST. 
After incubating with a Blocking Solution for at least 1h, sections were incubated with α-
DIG-AP or α-FLUO-AP (Roche, 1:2000) in Antibody Incubation Solution, o/n in a humidified 
chamber at 4ºC. Sections were washed three times for 10min in TBST and two times for 
10min in 0.1M Tris, pH=8 before AP staining reaction, which was performed using the 
substrate FastRed (Roche) for 1-3h (depending on the probe) at 37ºC. From here on, slides 
were always protected from light. Whenever the identification of a second probe was needed 
slides were rinsed twice for 10min in PBS and incubated with α-DIG or α-FLUO-POD 
(Roche, 1:1000) or α-DNP-POD (Kit TSA-PLUS DNP (HRP) System, 1:500) for 1h at RT. 
After three 10min washes in TNT, sections were incubated with 0.1M boric acid for 5min and 
the staining reaction for POD (peroxidase) was performed using Tyramide-FITC in 




amplification buffer (1:50, TSA™-Direct, NEN™ Kit, Perkin Elmer) for 10-30min at room 
temperature. Then, three washes in TNT were performed, followed by counterstaining with 
DAPI (Sigma) for 10min. Slides were rinsed twice in PBS, mounted with Mowiol® 
(Calbiochem) mounting medium and kept at 4ºC. 
If a single RNA in situ hybridization was to be performed, just one probe was diluted in the 
initial Hybmix and DAPI counterstaining immediately followed the FastRed staining. 
2.2.7.1 Homemade Tyramide and Buffer for Tyramide Signal Amplification 
reaction 
The protocol suggested by Lauter et al.49 to synthesize 5-(and-6)-carboxyfluorescein 
(FAM) tyramide stock was followed. RNA in situ hybridization protocol was followed as 
described above (section 2.2.7) except for α-DIG and α-FLUO-POD antibodies that were 
used in a 1:2000 dilution. After proper optimization (Annex B, Figures S1 and S2), tyramide 
was used in a 1:400 dilution in a freshly prepared Homemade Buffer supplemented with 
400µg/mL of 4-iodophenol (Sigma-Aldrich), known to be a POD-reaction accelerator. 
2.2.8 Imaging and Statistical Analysis 
Fluorescent images of fixed sections were acquired using the microscope Leica DM5000B 
(20x or 40x objectives) equipped with a Leica DC350F digital camera.  
Photoshop software was used for proper image treatment (adjustments of intensity levels) 
and to perform cell countings. In section 3.2, a minimum of two embryos were counted for 
each genotype (wild-type or mutants). In section 3.3, just one embryo was counted for each 
genotype. For statistical purposes, we considered counts performed in each analyzed E13.5 























3.1 Characterization of Dll4-expressing cells in the mouse retina at E13.5 
Dll1 and Dll4 are expressed in the mouse retina starting from E10.550 and E11.551, 
respectively. According to Rocha et al.9, Dll4 is expressed in cells that previously expressed 
Dll1 and contributes to all the cell-types being born within the first wave of differentiation9. 
Contrasting with Dll1, Dll4-expressing cells never express the RPC marker Chx10 and 
always co-localize with Hes69 (Figure 4B,B’), which is believed to be expressed in 
differentiating neurons, contributing to release proneural gene expression from the inhibitory 
downstream targets of Notch-signaling18,52. Additionally, the Notch-target Hes5 never co-
localizes with Dll4 (Figure 4A,A’). Altogether, these results indicate that Dll4-expressing cells 
(referred as Dll4+-cells) are a differentiating population. To investigate which bHLH-encoding 
genes may be driving neuronal differentiation of Dll4+-cells during the first wave of 
retinogenesis, double in situ hybridizations were performed in retinal sections of E13.5 
embryos (Figure 4C-E,C’-E’).  
Dll4 is expressed in approximately 5% of retinal cells (Figure 4 and data not shown). 
These cells can be found all through the developing retina in a salt-and-pepper pattern, 
however being excluded from the CMZ, as already described by Benedito et al. (2005)51, and 
from the GCL53(Figure 4).  
The early competence factor and RGC fate-determinant Math541,42 is expressed by almost 
all the Dll4-expressing cells (Figure 4C,C’). Most of Dll4+-cells also express Ngn2+ and the 
majority of Ngn2+ is also expressing Dll4.  While there is no preferential location for cells 
expressing both Dll4 and Ngn2, the few Dll4+Ngn2- cells are predominantly found in the 
outermost region of the neuroepithelium, close to the RPE, where prospective 
photoreceptors are located (Figure 4D,D’). Dll4 almost completely co-localizes with the 
photoreceptor and amacrine fate-determinant NeuroD2,44 (Figure 4E,E’). NeuroD+Dll4- cells 
are mainly accumulated in the outer layer (Figure 4E’), which is consistent with its expression 
in photoreceptors44.   
The great overlap between Dll4  and NeuroD expression prompted us to analyze a later 
photoreceptor fate-determinant, Otx254, in order to further address the relationship between 
Dll4 and this fate. We observed that Otx2 is present in the majority of Dll4-expressing cells 
(Figure 4F,F’), but to a lesser extent than NeuroD does. The majority of Dll4 cells are 
Dll4+Otx2+, a subset that we envisage as developing photoreceptors, which at this time-point 
(E13.5) are likely to acquire the cone-photoreceptor fate. Dll4+Otx2- cells should instead 
comprise both more immature cells that are still not expressing Otx2 although they are on 





Dll4-Otx2+ are expected to be photoreceptors that are further ahead in the differentiation 
pathway and have already downregulated Dll4. 	  
Our characterization revealed that Dll4-population in E13.5 retinas is expressing both 
Ngn2 and Math5 proneural genes within the same cells (Figure 4C,C’,D,D’). These 
Figure 4: Characterization of Dll4-population in E13.5 retina by double in situ hybridizations. (A-B,A’-B’) 
Dll4-expressing cells are differentiating since they do not co-localize with the Notch-target Hes5 (A,A’) and always 
express the early differentiation marker Hes6	  (B,B’). (C-D,C’-D’) Math5 is expressed in almost all Dll4-expressing 
cells (C,C’), as well as Ngn2 (D,D’). There are few Dll4+Ngn2- cells and they are localized mainly in the outer retina 
(arrow in D’). (E,E’) NeuroD is expressed by all Dll4+-cells. Dll4-NeuroD+ cells are preferably located in the outer 
retina (arrows in E’). (F,F’) The photoreceptor marker Otx2 is present in most of Dll4-expressing cells but not in all 






observations suggest that when cells are expressing Dll4, they are still multipotent and able 
to acquire any of the cell-fates which they have been previously shown to contribute to9, i.e. 
RGC, photoreceptors, amacrine and horizontal cells. Thus, Dll4 expression does not restrict 
retinal cells to a particular fate, although at the analyzed time-point, they are heavily biased 
towards the photoreceptor fate, as revealed by NeuroD and particularly Otx2 expression 
(Figure 4E,E’,F,F’). 
3.2 Gene expression in Dll4f/f;Chx10-Cre retinas at E13.5 
Observations in the retina of Dll1 conditional knock-out mice led to the hypothesis that 
Dll1 and Dll4 are expressed sequentially in the same cells, with Dll1 being fundamentally 
responsible for progenitor pool maintenance whereas Dll4 regulates subsequent cell-fate 
acquisition by differentiating cells9. According to previous reports, Notch1 and RBPj 
mutants22-25 display a neurogenic phenotype like Dll1 mutant9. However, and unlike Dll1 
mutants, they show a shift in cell-fate production towards the photoreceptor fate22-25. This 
suggests that at the studied time-point (E13.5), RPCs are biased towards this fate and 
depend on Notch signaling to generate all cell types in the correct proportions. Since Dll1 
does not take part in this cell-specification mechanism, Dll4 is then likely to drive it9. To 
further address the role of Dll4 we analyzed mice lacking this gene specifically within the 
retina (conditional knock-out Dll4f/f;Chx10-Cre strain) in order to overcome embryonic lethality 
of Dll4-/- mice55,56. To achieve this, a mouse strain possessing Dll4 locus flanked by loxP sites 
(Dll4-floxed)46 was crossed with a strain that expresses Cre recombinase in the RPCs 
(Chx10-Cre strain45), leading to the excision of the Dll4 locus specifically in retinal progenitor 
cells. We then analyzed differences in gene expression between control and Dll4f/f;Chx10-
Cre littermates at E13.5 retinas. 
No statistically significant differences were observed in the number of cells expressing the 
early differentiation marker Hes6 when Dll4f/f;Chx10-Cre retinas (16.76 ± 2.85%) were 
compared to control littermates (15.04 ± 2.79%)(Figure 5A,A’,A’’), which is in agreement with 
the hypothesis that excludes Dll4 from playing a relevant role in progenitor maintenance. 
Also, Math5 is not affected in Dll4f/f;Chx10-Cre retinas, covering 18.92 ± 0.10% and 20.91 ± 
1.82% of cells in control and mutant retinas, respectively (Figure 5C,C’,C’’). This observation 
contrasts with the increase in Math5 expression observed in Dll1f/f;Chx10-Cre retinas9.  
Ngn2 expression increases from 6.71 ± 1.14% in control to 13.17 ± 4.00% in Dll4f/f;Chx10-
Cre retinas (Figure 5B,B’,B’’), although a higher number of sections and embryos needs to 
be quantified to achieve significant values (p<0.05). Fate mapping analysis of Ngn2-
expressing cells has revealed that this population mainly contributes to the cone-
photoreceptor fate39, which means that its increase, although not statistically significant, 





boosted, shifting from 11.64 ± 3.79% in control to 17.28 ± 3.42% in Dll4f/f;Chx10-Cre retinas 
(p<0.05, Student t-test, n=6) (Figure 5D,D’,D’’), suggesting again an increase in cone-
photoreceptor and/or amacrine cells. Actually, our lab detected an increase in the total 
number of both these cell types using specific antibodies in immunofluorescence studies 
(Cláudia Gaspar’s unpublished data). The upregulation of Otx2, an early photoreceptor 
marker, from 6.52 ± 0.92% in control to 12.08 ± 2.19% in Dll4f/f;Chx10-Cre retinas (p<0.05, 
Student t-test, n=3) (Figure 5E,E’,E’’), also corroborates the hypothesis of an increase in 
photoreceptor production in the absence of Dll4. Moreover, we have already seen that Dll4-
population itself appears to be heavily tilted towards the photoreceptor fate (Figure 
4E,E’,F,F’). Thus, it is plausible that at the analyzed time-point, Notch-signaling mediated by 
Dll4 is responsible for directly blocking the acquisition of this cell-fate. 
 
3.3 Dynamics of cellular populations defined by bHLH combinations in 
Dll4f/f;Chx10-Cre retinas at E13.5 
We have shown that Dll4 deletion significantly affects the total number of cells expressing 
NeuroD (Figure 5D’’). Besides this effect, the absence of Dll4 ligand may also be affecting 
the relationship between distinct bHLH-encoding genes and therefore influencing the 
dynamics of cell populations defined by the expression of more than one of these genes. In 
this section we addressed how Dll4 absence affects the evolution of these populations, each 
presenting a characteristic and intrinsic potential endowed by the simultaneous expression of 
distinct bHLH-encoding genes. 
Figure 5: Gene expression comparison between Dll4f/f;Chx10-Cre and control retinas. 
(A-C,A’-C’,A’’-C’’) No significant shift has been observed in Hes6 (A,A’,A’’), Ngn2	  (B,B’,B’’) and Math5	  (C,C’,C’’) 
expression. Nonetheless, Ngn2 increase was considered relevant in our analysis due to its consistency through all 
the analyzed sections. (D,D’,D’’) NeuroD increase in Dll4f/f;Chx10-Cre retinas (Student’s t-test, p<0.05, n=6) is 
indicative of photoreceptor and/or amacrine cell population expansion. (E,E’,E’’) Otx2 upregulation in Dll4f/f;Chx10-
Cre retinas (Student’s t-test, p<0.05, n=3) specifically highlights the expansion of photoreceptor cell-fate. (A’’-E’’) 







To further characterize the expression of the three bHLH-encoding genes under study in 
the wild-type and Dll4f/f;Chx10-Cre retinas, we have analyzed how they related to the 
differentiation marker Hes6 and how they related to each other. Almost all the Ngn2-
expressing cells co-localize with Hes6 expression, both in control and Dll4f/f;Chx10-Cre 
retinas (Figure S3A,B). The same was observed for the great majority of Math5-expressing 
cells (Figure S3C,D). Reciprocally, almost all Hes6+ cells seemed to be Math5+ (Figure 
S3C,D), which is consistent with Math5’s role as an early competence factor that induces 
cell-cycle withdrawal triggering differentiation41. Despite the clear overlap, NeuroD-
expressing cells constitute the population that co-localized to a lesser extent with the Hes6 
marker (Figure S3E). This observation may be explained by the fact that NeuroD is a cell-
specification factor and not a proneural gene. Since Hes6 is an early differentiating marker, 
its expression is being already downregulated when NeuroD begins to be expressed.  In the 
Dll4f/f;Chx10-Cre retinas, additional NeuroD+Hes6- cells were found throughout the 
neuroepithelium (Figure S3E,F), confirming the excess of cone-photoreceptor’s production in 
these retinas. 
Double in situ hybridizations for the three combinations of bHLH-encoding genes 
(Math5/NeuroD, Math5/Ngn2, NeuroD/Ngn2) were then analyzed. We have focused our 
attention on the distribution of the different populations across control and Dll4f/f;Chx10-Cre 
retinas to identify any distribution shift that might be due to the absence of Dll4 (Figure 6). 
We have also performed cell countings to understand how Dll4 absence affected the different 
populations expressing each pair of bHLH-encoding genes (Figure 7).  
In the inner region of the neuroepithelium, the whole NeuroD+ population seems to be also 
expressing Math5 gene, in both control and Dll4f/f;Chx10-Cre	  retinas. However, in the outer 
region, where further differentiated photoreceptors are located, several Math5-NeuroD+ cells 
can be found in wild-type and mutant retinas (Figure 6A,B). The increase of NeuroD 
population in Dll4f/f;Chx10-Cre	   retinas described in section 4.2 (Figure D,D’,D’’) seem to 
proportionally affect both Math5-NeuroD+ and Math5+NeuroD+ populations (Figure 7A,A’,A’’). 
Analyzing the expression of Math5 and Ngn2, we have observed that almost all Ngn2+ 
cells co-express Math5 (Figure 6E,F). These cells can be found across the entire retina and 
no shift could be detected neither in the expression distribution (Figure 6E,F) nor in the 
relative proportions of each population when comparing wild-type and Dll4f/f;Chx10-Cre retina 
(Figure 7B,B’,B’’). 
The analysis of the double in situ hybridization for NeuroD and Ngn2 has shown a 
significant overlap in the expression of these two bHLH-encoding genes (Figure 6C,D and 
Figure 7C,C’,C’’). NeuroD+Ngn2+ cells show no evident distribution pattern, while NeuroD-
Ngn2+ and NeuroD+Ngn2- populations tend to be located in the inner and outer retina, 





individually upregulated (Figure 5B’’,D’’), this population’s ratio is maintained (Figure 7C’’). 
However, we have observed that the percentage of double stained cells has increased 
(Figure 7C,C’,C’’).  
The main observation from this set of results concerns the general increase of NeuroD-
expressing cells in Dll4f/f;Chx10-Cre retinas, particularly, the increase of cells that express 
exclusively this bHLH-encoding gene, preferentially localized in the ONL. This suggests that 
in the absence of Dll4, additional prospective photoreceptor and amacrine cells have already 
downregulated both Math5 and Ngn2 proneural genes, as well as the Hes6 differentiation 
Figure 6: Combinations of bHLH-encoding genes 
in Dll4f/f;Chx10-Cre and control retinas.  
(A,B) In the innermost region of the retina, all NeuroD+ 
cells are also expressing Math5. The outer region 
reveals several Math5-NeuroD+ cells (arrows in A). 
This population is increased in Dll4f/f;Chx10-Cre	  retinas 
(arrows in B). (C,D) NeuroD-Ngn+ (arrows) and 
NeuroD+Ngn- cells (asterisks) are preferably located in 
the inner and outer region of the retina, respectively. 
NeuroD+Ngn+ cells show no particular distribution. All 
three populations increase in Dll4f/f;Chx10-Cre	  retinas. 
(E,F) Few and scattered Ngn+Math5- are found across 
the developing retina (arrow in E). No pattern shift is 
detected in Dll4f/f;Chx10-Cre	  retinas (arrow in F). Scale 







marker. Thus, a greater amount of cells is ahead in the differentiation process towards the 
photoreceptor and/or amacrine cell fate driven by NeuroD.  
We have also observed that despite this increase in NeuroD+ population in the 
Dll4f/f;Chx10-Cre retinas, NeuroD relationship with the proneural gene Math5 is not affected, 
since both Math5+NeuroD+ and Math5-NeuroD+ populations increase proportionally. 
However, when concerning the other proneural gene under study, Ngn2, we see that their 
populations are overlapped to a greater extent when Dll4 is not present. This suggests that 
Dll4 absence retains a larger percentage of differentiating cells in this particular state of the 
differentiation process. 
  
Figure 7: Relationship between cell-populations expressing different bHLH-encoding genes in control and 
Dll4f/f;Chx10-Cre retinas (E13.5). (A-C) Schematic representation of the populations of cells expressing the different 
bHLH-encoding genes in control retinas. (A’-C’) The correspondent populations in Dll4f/f;Chx10-Cre retinas. (A’’-C’’)  
Proportion of double stained cells in respect to the total population expressing each of the two genes analyzed. (A, 
A’,A’’) In Dll4f/f;Chx10-Cre retinas, the increase of NeuroD-population relative to Math5 equally affects 
Math5+NeuroD+ and Math5-NeuroD+ populations. (B, B’,B’’) No differences have been detected in the Math5Ngn2 
combination when Dll4 is absent. (C, C’,C’’) Although relative sizes of NeuroD and Ngn2 do not change in 
Dll4f/f;Chx10-Cre retinas, their overlap is increased. Each pair of circles and respective overlap are sized relative to 
the most abundant population of the two being compared. For each combination, cells from the retina of one embryo 
(two sections) have been counted for each genotype. 
 
	  	  



















The work presented in this thesis represents the first step towards the understanding of 
how Dll4 is working within the Dll1/Dll4 genetic circuitry that underlies retinal neurogenesis.  
The genetic circuitry involving sequential expression of Dll1 and Dll4 Notch-ligands is 
active in the retina, a CNS region where neurogenesis of different cell-types occurs 
simultaneously. While Dll1 functions as the main regulator of the rate of neurogenesis, as 
shown by the analysis of Dll1 mutants9, the putative role played by Dll4 remained untested. 
In the retina, strong evidences that Notch signaling is involved in cell-fate specification came 
from the analysis of Notch1 and RBPj mutants, where the absence of Notch signaling 
narrows cell-fate diversity (i.e. it favors photoreceptor production at the expense of other cell-
fates)22-25, even in post-mitotic retinal cells23. As this was not observed in Dll1 mutants9, here 
we hypothesize that Dll4 may be the ligand mediating this Notch signaling function. 
4.1 Differentiating retinal cell populations show molecular multipotency 
We analyzed the expression of the Notch-ligand Dll4, the two proneural bHLH-encoding 
genes involved in the first wave of differentiation, Math5 and Ngn2, the cell-specification 
bHLH-encoding gene,	  NeuroD, and also the early differentiation marker Hes6. From all the 
double in situ hybridizations performed, a broad picture of gene co-expression could then be 
drawn (Table 3).  
 
The high degree of co-expression of Hes6 with all the other genes is a clear indication that 
we have been analyzing populations of differentiating cells. Math5 population, being the most 
abundant is the one that naturally co-expresses other bHLH genes to a lesser extent. This 
population includes both progenitors leaving the cell-cycle in the first neurogenic wave (all 
Hes6 expressing cells also express Math5) and also differentiating neurons further 
committed to the RGC fate. In turn, Ngn2 and NeuroD-expressing cells are “loaded” with 
transcripts from the other bHLH-encoding genes, although not as much as the Dll4+ 
population, whose cells generally express the entire set of the analyzed genes. 
Despite being committed to differentiation, none of these populations excludes the 
expression of any of the other genes, fact that we consider as indicative of an appreciable 
degree of multipotency within each population. 
Table 3: Gene expression in the developing retina (E13.5). Percentage of cells expressing the gene on 




4.2 Dll4-expressing cells are multipotent although biased towards the 
photoreceptor fate 
Double in situ hybridizations performed to characterize Dll4-expressing cells at E13.5 
allowed us to classify them as multipotent. The co-expression of both proneural genes that 
take part in the first wave of differentiation, Math5 and Ngn2, highlighted that, Dll4+-cells are 
still open to adopt any cell fate themselves, irrespectively of the information these cells are 
conveying to neighboring cells. Despite being able to give rise to all four cell-fates produced 
in the first wave9, i.e. RGCs, photoreceptor, amacrine and horizontal cells, the presence of 
NeuroD and Otx2 in most of Dll4-expressing cells (Figure 4E,E’,F,F’) reveals an intrinsic bias 
of these cells towards the photoreceptor fate. The mechanism that drives cell-fate choice 
within this lineage is not known, but the analysis of Notch123,24, RBPj22,25 and Dll4 mutants 
suggest that retinal cells have a default tendency to acquire the photoreceptor fate. This 
observation allows us to hypothesize that maybe a stochastic decision process takes place, 
although biased by the intrinsic properties of Dll4 lineage. Alternatively, other extrinsic cues 
besides Notch-pathway may be involved. Whether all photoreceptors are coming from Dll4 
lineage is other question that remains unanswered and that should be addressed in future 
work. Although an initial effort with a Dll4LacZ mouse strain was done in the laboratory9, an 
indelible marking of Dll4 lineage will have to be attained in order to properly fate map these 
cells. The fact that LacZ is retained for a limited period of time after Dll4 expression is shut 
down renders it ineffective to fully accomplish this objective. In turn, a Dll4-Cre;ROSA26:GFP 
mouse line would probably be the best option, since all the cells that have ever expressed 
Dll4 will constitutively express GFP. 
4.3 Dll4 ligand inhibits photoreceptor and amacrine cell fate 
Our analysis of the consequences of Dll4 deletion in the retina at E13.5 have evidenced a 
clear connection between Dll4-mediated Notch-signaling and the inhibition of the 
photoreceptor fate (increased NeuroD and Otx2 levels in Dll4 cKO (Figures 5D’’,E’’)), 
corroborating the hypothetic role of Dll4 in cell fate decision. The overproduction of 
photoreceptor cells was also previously observed in Notch123,24 and RBPj22,25 mutants, being 
compensated by a decrease in cells of other retinal types. However, this does not seem to be 
the case in Dll4 cKO around E13.5, as shown by immunohistochemistry assays performed in 
our laboratory (Cláudia Gaspar’s unpublished data), that revealed that RGCs remain 
unchanged and amacrine cells increase in the absence of Dll4. Assuming that Hes6 
accurately measures entry into differentiation, and since Hes6	  levels remain the same when 
Dll4 is absent, there should be a decrease in other cell types to compensate for 
photoreceptor and amacrine cell overproduction. Alternatively, the rate of differentiation must 
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had been higher for some transient period, earlier in development, causing an early boost in 
neurogenesis that could be supplying the excess of photoreceptor and amacrine cells.  
4.4 The excess in photoreceptor and amacrine cells comes from the increased 
NeuroD+Ngn2+ population 
Concomitantly to differences in single gene expression, we have also analyzed the 
dynamics of bHLH populations in respect to each other. While Math5/NeuroD and 
Math5/Ngn2 combinations seem roughly unaltered, NeuroD/Ngn2 shows an increased 
overlap. The fact that Ngn2 lineage is heavily tilted to the cone-photoreceptor fate during the 
first wave of differentiation39, as well as NeuroD being a specification gene also related to the 
same fate, leads us to assume that the excess of photoreceptors (Figure 5E,E’,E’’ and 
Cláudia Gaspar’s unpublished data) is coming from this expanded population expressing 
both NeuroD and Ngn2.  
Since Ngn2 lineage is also tilted to the amacrine cell besides cone-photoreceptor fate39, 
and if we assume that the increase in Ngn2 levels suggested by our countings (Figure 5B’’), 
although not statistically significant, reveals a true tendency, the normal function of Dll4 
would be to inhibit Ngn2 expression in the surrounding cells. When Dll4 is not present, a 
higher number of cells express Ngn2, which would explain why both amacrine and 
photoreceptors are further represented in the Dll4 cKO retinas. This mechanism would also 
explain why RGC population is not affected, since only a residual percentage of cells of the 
Ngn2 lineage contributes to this fate39. 
4.5 Dll1/Dll4 circuitry  
The present analysis of Dll4 cKO, along with other data from our laboratory (Cláudia 
Gaspar’s unpublished work), strongly suggests that Dll4 is responsible for blocking the 
photoreceptor and amacrine fate. Thus, Dll4 seems to be playing a role in cell-fate 
acquisition rather than controlling neurogenesis rate, hypothesis that Rocha et al. have 
previously put forward. From the analysis of other Notch pathway mutants, various 
conclusions could be drawn: (1) Notch1 mutants exhibit an overproduction of photoreceptors 
at the expense of RGCs, amacrine and horizontal cells23,24, (2) RBPj mutants exhibit an 
increased number of cells expressing Ngn2 and NeuroD at E13.525, an autonomous excess 
of photoreceptors22 and an increase in RGCs during developmental stages25, and (3) Dll1 
mutants have shown an increase in RGCs9. So, how is Dll1/Dll4	  circuitry functioning in the 
developing retina? First of all, we assume that the early RGC increase in Dll1 and RBPj 
mutants results from the increased number of RPCs exiting the cell-cycle following the start 
of retinal neurogenesis, acquiring the first cell-fate to be produced, the RGC fate. Since all 
the mutants except Dll1 show an overproduction of photoreceptors, Notch-signaling is 
therefore essential to block photoreceptor production, which seems to be the default fate. 
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However, Dll1 does not take part in that regulation, being responsible for maintaining RPCs 
cycling. Thus, Dll4 becomes the obvious ligand to be responsible for maintaining the correct 
numbers of photoreceptor and amacrine cells (Figure 8). 
In summary, our results show that Dll4 population, at E13.5, is differentiating but still 
expressing several bHLH-encoding genes, remaining able to acquire multiple cell-fates. 
However, the extensive overlap between Dll4 and NeuroD highlights a significant bias of 
Dll4+-cells towards the photoreceptor fate. The relationship between Dll4 and this fate was 
further corroborated by the increase in NeuroD-expressing cells and the total number of 
photoreceptors cells in the absence of Dll4. Thus, Dll4 cells, while differentiating mainly as 
photoreceptors, are signaling “back” to the surrounding cells inhibiting their commitment to 
the photoreceptor fate, contributing to homeostasis within the retina. 
The present work provides new insights into the function of Dll4 and Notch-signaling that 
will be important to help unraveling how cell-specification is achieved within the developing 
retina. Future analysis should address both previous and later developmental time-points to 
clarify the consequences of Dll4 deletion throughout all developmental stages of 
retinogenesis. Investigating the effects of this deletion on additional cell-types and on other 
bHLH-encoding genes, as well as accomplishing proper Dll4-fate mapping would also be of 
great interest.  
 
Figure 8: Model of Dll1/Dll4 circuitry in the developing retina at E13.5. (A) RPCs that leave cell-cycle are 
responsible for maintaining a pool of cycling progenitors through Dll1-mediated Notch-signaling. From these 
differentiating cells, cells strongly biased to the photoreceptor fate (expressing Ngn2 and possibly NeuroD) begin 
to express Dll4. This ligand is then responsible for downregulating Ngn2 expression in differentiating neighboring 
cells. While inhibiting photoreceptor and amacrine fates, Dll4 redirects these cells to other fates, leading to a 
balanced number of each cell-type. (B) When Dll4 ligand is not present, differentiating cells are released from this 
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Annex A – Supplementary Material and Methods 
 
Table S1: Composition of used reagents and solutions. 
Solution Composition 
Tail Digestion Buffer 50mM KCl, 10mM Tris-Hcl pH 8.0, 2mM MgCl2, 0.1mg/mL gelatin, 0.45% Nonidet-
P40, 0.45% Tween-20, 0.5mg/mL Proteinase K 
SOB medium 2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl 
Transformation Buffer (TB) 55mM MnCl2, 15mM CaCl2, 250mM KCl, 10mM PIPES pH6.7 
STET buffer 8% glucose, 5% Triton X-100, 50mM EDTA, 50mM Tris, pH 8 
DIG/FLUO/DNP-NTP mix 1mM ATP, CTG, GTP, 0.65mM UTP and 0.35mM DIG/FLUO/DNP-UTP 
TE buffer 10mM Tris, 1mM EDTA 
1x TAE buffer 40mM Tris, 1mM EDTA, 0.35% glacial acetic acid 
Loading buffer 60% Glycerol (v/v), 10mM EDTA, 0.2% OrangeG (Sigma) 
Hybmix 1x salts, 50% deionised formamide, 10% dextran sulphate, 1mg/mL rRNA, 1x 
Denhardt’s solution 
SSC 0.3M sodium citrate, 3M sodium chloride, pH7 
Hybwash 50% formamide, 1xSSC 
TBST 150mM NaCl, 10mM KCl, 50mM Tris pH7.5, 0.1% Tween-20 
Maleic acid buffer 1M maleic acid, 1.5M NaCl, pH 7.5 
Boehringer Blocking Reagent (BBR) 10% stock in maleic acid buffer 
Blocking Solution 2% BBR, 20% heat inactivated sheep serum in TBST 
Antibody Incubation Solution 2% BBR, 1% heat-inactivated sheep serum in TBST 
TNT 0.1M Tris-HCl, 0.15M NaCl, 0.05% Tween-20, pH=7.5 
DAPI 0.15% (w/v) 4',6-diamidino-2-phenylindole 
Mowiol 0.1% Mowiol® (Calbiochem), 33% glycerol, 0.1M Tris, pH=8.5 


























Annex B - Tyramide Signal Amplification reaction optimization 
According to Lauter et al. 49, significant signal improvements were obtained for the TSA 
reaction when using a homemade tyramide diluted in a homemade buffer of suggested 
composition by the same authors. Using both these homemade substrate and buffer, better 
results were attained in the POD-reaction than with the PerkinElmer Kit (Figure S1) after 
proper optimization of several steps of the staining protocol. Different antibody and tyramide 
dilutions were tested, as well as different concentrations of 4-iodophenol (4-IP), a POD 
reaction accelerator (Figure S2). We considered that using 1:2000 antibody dilution, 1:400 
tyramide dilution and 400µg/mL of 4-IP optimized our signal-to-noise ratio in most of the 
cases (Figure S2F). This method was then adopted as it revealed itself as a better and 
significantly less expensive alternative. 
Figure S1: Comparison between PerkinElmer Kit and Homemade Tyramide staining reaction. (A-D) The 
staining results using both 1:50 (A,B) and 1:100 (C,D) dilutions clearly show an improvement when using the 
Homemade Tyramide. (E) The addition of 4-IP further improved TSA reaction. NeuroD DIG-probe. Scale bars (A-






















Figure S2: TSA reaction optimization using Homemade Buffer and Tyramide. (A-H) 1:1000 antibody 
(A,C,E,G) dilution show higher background levels when compared to the 1:2000 dilution (B,D,F,H) for all the 
tested conditions. The reactions with lower 4-IP concentration (100µg/mL) (A-D) seem to improve the signal but 
also the background when compared to the reactions performed with higher concentration (400µg/mL) (B-H). 
Increasing tyramide dilution lowers both signal and background levels (compare (A,B,E,F) with (C,D,G,H), 







Annex C – Supplementary Figure 
 
Figure S3: Co-expression of bHLH-encoding genes and 
the early differentiation marker Hes6 in Dll4f/f;Chx10-Cre 
and control retinas.  
(A,B) Almost all Ngn+-expressing cells are also Hes6+, both 
in control and Dll4f/f;Chx10-Cre	   retinas (arrows indicate the 
only exception, i.e. Ngn+Hes6- cells). (C,D) In control and 
Dll4f/f;Chx10-Cre	   retinas, all Hes6-expressing cells are also 
Math5+. Few Math5+Hes6- cells are found (arrows). (E,F) 
NeuroD-expressing cells significantly co-localize with Hes6. 
However, NeuroD+Hes6- cells are quite common in control 
retinas (arrows in E). In Dll4f/f;Chx10-Cre, an increase in 
NeuroD+Hes6- cells is apparent throughout the 
neuroepithelium (arrows in F). 
 Scale bars (A-F) = 100µm 
	  
	  	  
 
